Parkinson's disease (PD) is the second most common severe neurodegenerative disorder. It is characterized by progressive degeneration of dopaminergic neurons in the substantia nigra pars compacta. Unfortunately, PD remains incurable. Therapy based on regulatory peptides, particularly neuroprotective peptides, which can sustain or activate neuron plasticity to enable their survival and function in difficult environments and after violated homeostasis, is a promising approach to cure PD. Some studies show that the synthetic analogs of natural peptides may be used as an etiological or at least a complementary therapy in PD. Therefore, in the present pilot study, we investigated the effects of the synthetic peptides Semax and dopamine neuron stimulating peptide (DNSP-5), and a new synthetic Semax-DNSP-5 hybrid peptide (SD) on the functioning of brain neurons. An analysis of the levels of dopamine (DA), noradrenaline (NA), 5-hydroxytriptamine (5-HT), an expression analysis of Gdnf and Gdnf receptor genes Gfra1, Gfra2, Gfra3, Gfra4, and Gfral in various regions of the brain of rats with 6-OHDA-induced PD-like parkinsonism, and a study of the motor activity of the rats in an "open field" test showed that DNSP-5 and SD elevated the level of DA in the nonlesioned striatum. DNSP-5 also increased the expression of Gfra1 and Gfra2 in the nonlesioned striatum and lesioned substantia nigra (SN) which suggested that DNSP-5 had compensatory and neuroprotective properties. SD demonstrated similar, albeit less pronounced effects to DNSP-5 on DA metabolism and gene expression. Of the peptides studied, only SD tended to increase the horizontal and vertical activity of rats. In conclusion, these findings suggest that DNSP-5 and SD have potential neuroprotective properties and may stimulate the surviving DA neurons.
Introduction
Parkinson's disease (PD) is the second most common severe neurodegenerative disorder. It is characterized by progressive degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc). PD first manifests clinically after the death of 60% -80% dopaminergic neurons in the SNpc [1] [2] , and the first clinical signs appear approximately 5 years after the beginning of the disease [3] . Unfortunately, PD remains incurable, and all treatment of PD is symptomatic, is unable to stop the progression of the disease, and causes unfavorable side effects [4] - [6] . Drugs in current use were designed to elevate levels of dopamine (DA) by increasing synthesis of DA and/or decreasing its metabolism [6] [7] , thereby restoring motor deficits associated with nigrostriatal dysfunction [6] . However, these drugs fail to support damaged DA neurons or increase their survival. Therefore, neuroprotection and neurorestoration may be a solution to the problems of conventional therapy for PD. The aim of the neurorestoration therapy is to change the pathophysiological environment towards restoration of the DA phenotype [8] .
Therapy based on regulatory peptides, particularly neuroprotective peptides, which can sustain or activate neuron plasticity to enable their survival and function in difficult environments and after violated homeostasis, is a promising approach. Glial cell linederived neurotrophic factor (GDNF) has been considered as the most promising neurotrophic factor [9] . GDNF belongs to the GDNF family ligands which consist of GDNF, neurturin, artemin, and persephin, and they form a distant group in the TGF-β superfamily [10] . GDNF family members function as homodimers and signals through a transmembrane receptor tyrosine kinase (RET) by first binding to their cognate GDNF family receptor α (GFRA) [10] . Although GDNF is not specific for DA neurons, it has been shown to promote the survival of several other neuronal populations, including motoneurons, noradrenergic, serotonergic, enteric, peripheral sensory and autonomic neurons [8] . GDNF demonstrates robust restorative and protective effects on DA neurons [11] - [14] . However, the clinical utility of GDNF has been compromised by a failed phase II trial, potential toxicity [15] , limited diffusion of GDNF to target areas [16] [17] , and difficult delivery [18] [19] , which may be overcome by a promising approach of intranasal delivery [20] .
Another promising group of peptides is adrenocorticotropic hormone (ACTH) and its fragments, which represent one of the most actively studied classes of endogenous regulatory peptides and display a broad range of extrahormonal activities [21] . Numerous studies have shown nootropic effects of ACTH and its fragments [22] - [27] .
However, most importantly, neurotrophic effects of ACTH and its fragments are also discovered. ACTH exerts a trophic action on cultured neurons [28] . ACTH fragments elicit the maturation of serotonergic neurons [29] and induce peripheral nerve regeneration [30] [31] . The marked nootropic, neuroprotective, and neurotrophic effects of ACTH and its fragments have transformed them into the most promising candidates for the prevention and treatment of pathologies of the central nervous system. Synthetic analogs can be developed on the basis of natural regulatory peptides such as ACTH [21] and GDNF [4] [32] . Modifications can be made to increase the stability of the peptides [21] .
A small synthetic peptide, dopamine neuron stimulating peptide (DNSP-5), structurally based on the GDNF sequence, shows neuroprotective and neurotrophic-like properties in vitro and in vivo [4] [32] . The synthetic analog of an ACTH 4-10 fragment (ACTH 4-10), Semax, is a powerful neuroprotective agent that is particularly effective as a therapy for stroke. It exhibits distinct neuroprotective and nootropic properties and is the basis of a number of drugs used in clinical practice to treat CNS diseases (including ischemic brain stroke, dyscirculatory encephalopathy, and optic nerve atrophy) and enhance adaptability in healthy persons under extreme conditions [21] . These studies suggest that synthetic peptides may be used as an etiological or at least a complementary therapy in PD.
Therefore, in the present pilot study, we investigated the effects of synthetic peptides on the functioning of brain neurons. We chose Semax, DNSP-5, and a Semax-DNSP-5 hybrid peptide (SD) for this purpose. We conducted an analysis of DA, noradrenaline (NA), 5-hydroxytriptamine (5-HT), and an expression analysis of Gdnf and Gdnf receptor genes Gfra1, Gfra2, Gfra3, Gfra4, and Gfral, because the genes were involved in survival and differentiation of dopaminergic neurons in various regions of the brain of rats with the 6-OHDA-induced PD-like parkinsonism, along with a study of the motor activity of the rats.
Materials and Methods

Peptides
We studied gene expression changes in various regions of rat brains after course ad- 
Animals
Male Wistar rats (mean weight, 250 ± 30 g) were used in this study. The rats were kept in a vivarium with an environmental temperature of 22˚C, a 12-h light/dark cycle (7:00 am onset) and free access to water and food. Procedures were conducted in strict accordance with IACUC guidelines. All efforts were made to minimize animal suffering and reduce the number of animals used. This study was approved by The Ethics Com-mittee of the Institute of Molecular Genetics, Russian Academy of Sciences.
Striatal Lesion
The DA neuron-selective neurotoxin, 6-OHDA hydrobromide, was administered in 0.9% saline containing 0.05% L-ascorbic acid (vehicle) using a Hamilton syringe fitted with a 27-gauge needle to obtain a unilateral nigrostriatal lesion. The rats were anesthetized with 50 mg/kg of ketamine and 5 mg/kg of benzodiazepine intraperitoneally. A burr hole was made in the skull using a dental drill, and after careful piercing of the dura mater, the needle of the Hamilton syringe was inserted vertically into both hemispheres in turn according to the stereotaxic coordinates: −4.8 mm posterior and 2.0 mm lateral to bregma, −7.0 mm with reference to the dura. 6-OHDA (10 µg) in 2 µL of the vehicle was infused at a rate of 0.4 µL/min for a total infusion time of 7.5 min into the right hemisphere. The left hemisphere was infused with vehicle. Sham-operated rats were infused with the equivalent amount of vehicle into both hemispheres. After infusions, the needle was left in place for 1.5 min and then slowly retracted.
Study Design
The rats were divided into five groups as follows: three experimental (11 rats in each group that received Semax, DNSP-5, or SD) groups; a control group (10 rats that received water); and a group with 6 sham-operated rats.
Administration of the peptides started the day after surgery. Three experimental groups of rats received daily Semax (300 µg/kg), DNSP-5 (150 µg/kg), or SD (150 µg/ kg) intranasally. Animals were sacrificed 5 weeks after surgery. Immediately after they were humanely killed, their brains were dissected, and the various regions were immediately frozen in liquid nitrogen and stored at −70˚C.
Behavioral Study
Testing of the motor activity of rats was conducted using an "open field" test method for 3 min. The number of crossed squares (horizontal activity) and the number of stands on hind legs (vertical activity) were taken into account. Each rat was tested three times during the study: 1 week before surgery, 1 and 4 weeks after surgery. The behavior of the rats was recorded using a web camera and the basic software package for planning and optimization of the experiment RealTimer (OpenScience).
RNA Isolation
Total RNA was isolated from a 10 mg sample of tissue from each of the following regions of the rat brains: right and left frontal cortex (FR and FL); right and left olfactory bulbs (OR and OL); right and left striatum (SR and SL); right and left hippocampus (HR and HL); and right and left substantia nigra (SNR and SNL). Total RNA isolation from the rat brains for expression analysis of individual genes was performed for each individual animal. Total RNA isolation was conducted using an RNAeasy Mini Kit (Qiagen) according to the manufacturer's recommendations. The concentration of total RNA isolated was measured using a Quant-iT RNA BR Assay Kit and a Qubit fluorimeter (Invitrogen). RNA quality was monitored using an Experion automated electrophoresis system (Bio-Rad Laboratories). The RNA quality index was higher than 8.5 in all samples.
RT-qPCR
Gene expression analysis was conducted using a reverse transcription (RT) reaction and real-time quantitative PCR (qPCR) with TaqMan probes. Single-stranded DNA was synthesized using 500 ng of total RNA, 100 ng of Escherichia coli tRNA as a carrier [33] , specific primers, and the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fischer Scientific) according to the manufacturer's recommendations. Each RT reaction was run in triplicate. The sequences of gene-specific primers and probes are presented as follows:
were used as references to normalize gene expression data.
Analysis of Neurotransmitters
We analyzed levels of DA, NA, and 5-HT in the left and right striatum of all rats. To validate the 6-OHDA-induced lesion, the content of monoamines in these samples (nmol/g of tissue) was measured using HPLC with electrochemical detection, as described elsewhere [34] [35].
Statistical Analysis
The sequences of the primers and probes for expression analysis of the chosen genes Gdnf, Gfra1, Gfra2, Gfra3, Gfra4, and Gfral, and reference genes Tspo and Tfrc were designed using Beacon Designer 7.0 software (Premier Biosoft International).
Relative levels of the transcripts in the experimental groups were calculated as R = 2-ΔΔCp [36] . The levels of the transcripts studied in the control group (rats that received water) were set as 1. Data were analyzed with a nonparametric Mann-Whitney U test using Statistica for Windows 8.0 (StatSoft, 2007) and Microsoft Excel 2010.
Results
In the present study, we assessed the success of the 6-OHDA lesion to induce a PD-like phenotype using the following inclusion criteria: sham-operated rats did not reduce their motor activity, and animals with a 6-OHDA lesion significantly reduced their horizontal and vertical activity 1 week after the surgery. Of the peptides studied, only SD affected the horizontal and vertical activity of rats (Table 1) . By the fourth week after surgery, the motor activity of the rats that received SD did not remain at the same level, as they did 1 week after the lesion, but increased, albeit insignificantly. Neither DNSP-5 nor Semax affected the behavior of the rats.
Biochemistry
We analyzed the levels of DA, NA, and 5-HT in left and right striatum in all rats to validate the damage to the DA neurons by the toxin in our model of PD, and to reveal possible changes of levels of the monoamines after administration of the peptides. The 6-OHDA lesion was considered successful when concentrations of the substances in left and right striatum were equal in the group of sham-operated animals, and the concen- Data are represented as median ± standard deviation. h0 and v0-horizontal and vertical activity before the surgery respectively, h1 and v1-horizontal and vertical activity 1 week after the surgery respectively, h4 and v4-horizontal and vertical activity 4 weeks after the surgery respectively.
tration of DA was significantly lower in the right striatum of the animals from the 6-OHDA-treated groups, which indicates the effectiveness of the procedure we used in this study (Table 2 and Table 3 ). All rats met the inclusion criteria. As it can be seen in Table 2 , the surgery did not affect the levels of DA, NA, or 5-HT in the striatum of sham-operated rats.
Our results demonstrate that the peptides Semax, DNSP-5, and SD affect the levels of monoamines in rats with 6-OHDA-induced PD-like parkinsonism. We found a significant elevation of the DA level in the left striatum of rats after the administration of DNSP-5 compared with the left striatum of the control (rats that received water) (Table  3) . Moreover, SD also demonstrated a tendency to increase the level of DA in the left striatum compared with the control. Unfortunately, this difference was not significant. Surprisingly, the level of 5-HT was significantly higher in the right striatum of rats that received Semax than in the right striatum of rats from the control group (Table 3) .
qPCR
In the present study, we investigated the effects of synthetic peptides DNSP-5, Semax, and SD on the expression of Gdnf and Gdnf receptor genes Gfra1, Gfra2, Gfra3, Gfra4, and Gfral in various regions of the rat brain in the 6-OHDA-induced model of PD. Analysis of qPCR data showed that the values of quantification cycles (Cq) of Gfra3 were higher than 35, which indicates the low representation of mRNA in the tissues examined. Therefore, this gene was excluded from further analysis.
In the present study, 6-OHDA administration did not affect the expression of most of the genes studied ( Table 4 ). The relative levels of most of the mRNA of the genes in Table 2 . Levels of DA, NA, and 5-HT in striatum of sham-operated rats. Data are shown as nmol/g of tissue and represented as median ± standard deviation. *-data in experimental group differ from data in the group of animals that received water (p < 0.05), !-data differ between left and right striatum p < 0.05. Data are shown as median; *-data in the control group differ from data in the group of sham-operated rats (p < 0.05). FR-right frontal cortex, FL-left frontal cortex, HR-right hippocampus, HL-left hippocampus, OR-right olfactory bulb, OL-left olfactory bulb, SNR-right substantia nigra, SNL-left substantia nigra, SR-right striatum, SL-left striatum. The levels of the transcripts studied in the group of sham-operated rats were set as 1.
the control group (animals that received water) did not differ from those in the group of sham-operated rats. Because the main aim of our study was to investigate the effects of the peptides, the control group for the expression analysis consisted of the rats that received water.
In general, DNSP-5 affected the expression of the genes studied in the largest number of tissues (Table 5) , while Semax changed the expression of the genes in the smallest number of tissues (Table 6 ). We note that the expression of Gfra4 was significantly decreased only in the HR after the administration of DNSP-5 (Table 5 ). Gfra2 expression was altered the most, but not in the OR, OL, SR, or HL (Tables 5-7) .
DNSP-5 greatly affected the expression of the genes studied (Table 5) . Interestingly, the expression of Gfra1 and Gfra2, which encode receptors to Gdnf, was increased more than 2-fold in the SNR compared with the controls, and the expression of Gdnf was decreased more than 2-fold in this region. By contrast, the expression of Gfra2 was decreased in the SNL. The expression of Gfra2 was increased in the SL, and the relative levels of Gfral transcript were elevated in the SL and SR compared with the controls. The Gdnf mRNA levels were higher in the olfactory bulbs of animals who received DNSP-5 that in the control rats. Moreover, the expression of Gfra2 and Gfra4 was decreased in the HR under the influence of DNSP-5 (Table 5) .
Semax increased Gdnf expression 3-fold in the HR compared with the control rats that received water. The expression of Gfra1 increased more than 1.5-fold in the SNR, and the expression of Gfra2 decreased more than 2-fold in the FR after administration of Semax (Table 6 ).
SD also affected the expression of the genes studied. The expression of Gdnf was only changed in the right hemisphere of the rat brain. Its relative levels were higher in the HR and SR and lower in the OR and SNR compared with the controls. By contrast, the expression of Gfra1 and Gfra2 showed a tendency to be elevated in the SNR after ad- Data are shown as median; FR-right frontal cortex, FL-left frontal cortex, HR-right hippocampus, HL-left hippocampus, OR-right olfactory bulb, OL-left olfactory bulb, SNR-right substantia nigra, SNL-left substantia nigra, SR-right striatum, SL-left striatum. *-data in the experimental group differ from data in the group of animals that received water (p < 0.05). The levels of the transcripts studied in the control group (rats that received water) were set as 1.
ministration of SD: however, these changes were not significant. Relative levels of Gfra1 increased and Gfra2 decreased in the SNL compared with controls, but the level of Gdnf expression was not significantly different in this region of the brain. The level of Gfra1 transcript was increased in the SL compared with the controls. SD affected the expression of Gfra2 in the frontal cortex of both hemispheres, although in opposite directions; relative levels of the transcript were elevated in the FL and reduced in the FR Data are shown as median; FR-right frontal cortex, FL-left frontal cortex, HR-right hippocampus, HL-left hippocampus, OR-right olfactory bulb, OL-left olfactory bulb, SNR-right substantia nigra, SNL-left substantia nigra, SR-right striatum, SL-left striatum. *-data in the experimental group differ from data in the group of animals that received water (p < 0.05). The levels of the transcripts studied in the control group (rats that received water) were set as 1.
compared with the controls.
Discussion
In the present study, we investigated the effects of the synthetic peptides Semax, DNSP-5, and SD on the functioning of brain neurons. We conducted an analysis of motor activity, an analysis of the levels of DA, NA, 5-HT, and an expression analysis of Gdnf and Gdnf receptors Gfra1, Gfra2, Gfra4, and Gfral in various regions of the brain of rats 
Semax
We did not find any changes in the motor activity or any alterations of the levels of DA in the striatum of the rats with 6-OHDA-induced induced PD-like parkinsonism after the administration of Semax. To our knowledge, there are no reports on how Semax affects the levels of DA, NA, 5-HT, or gene expression in 6-OHDA-induced models of PD. However, Semax has been shown to significantly reduce the number of damaged cells under conditions of oxidative stress caused by short-term incubation with hydrogen peroxide [37] . In addition, Semax has been shown to significantly increase the survival of cerebellar granule neurons during glutamate neurotoxicity, which may be mediated by its effect on calcium homeostasis and the functional state of mitochondria [38] . Clinical studies of the effect of Semax on the restoration of amnestic brain func-tion in patients with severe postresuscitational pathology (intellectual and mental disorders) showed that the majority of patients treated with Semax exhibited significant improvement [39] . Nevertheless, in the present study, Semax failed to show any neuroprotective effects, possibly because it might not affect the DA neurons, or because dose used was too small.
However, we did show that the level of 5-HT was significantly higher in the right striatum of rats that received Semax compared with the controls. The mechanisms underlying the effects of Semax on serotonergic systems are unknown. It could be assumed that Semax is able to modulate the serotonergic systems by affecting the melanocortinergic system. However, other neurotransmitter systems could be also involved.
Semax may interact with dopaminergic autoreceptors in a manner similar to that of the ACTH-like peptides. Both the neurochemical and behavioral results indicate that Semax has modulating effects on striatal dopaminergic neurotransmission [40] .
Semax did not affect the expression of most of the genes studied. To our knowledge, 
DNSP-5
DNSP-5 significantly elevated the level of DA in the SL. This may indicate that DNSP-5 increases DA synthesis in the surviving DA neurons. This effect is observed in the nonlesioned hemisphere, and although it may also occur in the lesioned hemisphere, the elevated DA level in the SR may be masked by reparative processes that occur in the few surviving DA neurons.
DNSP-5 is one of the predicted peptide products generated from post-translational processing of GDNF [44] [45] . The high conservation of DNSP-5 sequences among related species suggests its biological importance [4] . Littrell et al. showed an increase in the DA level in rats after a single DNSP-5 administration in the right striatum [4] . Our data are consistent with their results, despite the fact that we used course intranasal administration of the peptide instead of direct infusion into the brain. Our findings confirm that intranasal administration of the peptides can affect processes occurring in the brain [20] .
DNSP-5 greatly affected the expression of the genes studied (Table 4 ). The most interesting results were for Gfra1 and Gfra2. Gfra1 and Gfra2 are the main Gdnf receptors, and DNSP-5 is a fragment of the Gdnf propeptide, which may have a regulatory function; therefore, our results suggest that DNSP-5 may intervene in the regulation of the Gdnf-receptor loop. However, Littrell et al. suggested otherwise [4] . DNSP-5 provided preservation of mitochondrial potentials and increased caspase-3 activation in dopaminergic cell lines. These cellular effects support a non-GDNF neuroprotective signaling mechanism [44] .
Several studies have been conducted on Gfra1 function. Postsynaptic GFRA1 expression increases the preservation of striatal dopaminergic innervation [46] . Gfra1 may influence the viability and development of nigral DA neurons [47] [48]. GFRA1 may be necessary for GDNF to maintain normal function of the nigrostriatal dopaminergic system [49] .
It is also likely that Gfra2 participates in the restoration of DA neurons. When stimulated with GDNF or NTN, both GFR α2a and GFR α2c, but not GFR α2b, promoted neurite outgrowth [50] [51].
Thereby, an elevated level of DA in the SL and increased expression of Gfra1 and Gfra2 in the SL and SNR suggest compensatory and neuroprotective properties of DNSP-5. In general, our results indicate that DNSP-5 may increase the survival and restoration of DA neurons by stimulating Gfra1 and Gfra2 expression in the damaged SN and striatum. DNSP-5 is most likely to negatively regulate the expression of Gdnf in the glial cells, because the mRNA levels of Gdnf were lower in the olfactory bulbs and SNR of rats that received DNSP-5 compared with control rats.
SD
Because SD is a relatively new peptide, to our knowledge, its effects on DA neurons have not been previously investigated.
In the present study, SD demonstrated similar, albeit less pronounced effects to DNSP-5 on DA metabolism and associated gene expression. It showed a tendency to increase the level of DA in the SL compared with controls. Unfortunately, the data were not significantly different, probably because of the small number of animals or because the dose of the peptide was too small. However, in conjunction with the data on motor activity in the "open field" test, our results suggest that SD has some neuroprotective properties or stimulates the surviving DA neurons.
SD affects gene expression in a manner resembling DNSP-5, especially in the SN and striatum. Although some differences were not significant, their similar effect could be explained by the cognate structure of the peptides.
GDNF expression is independently upregulated in the DA-depleted striatum [52] - [54] . In the present study, SD increased the levels of Gdnf mRNA in the SR more than water. Therefore, our data suggest that this peptide possesses neuroprotective properties similar to those of DNSP-5.
SD affected the expression of the genes studied in the FC and hippocampus of both hemispheres in a manner very similar to that of Semax. SD is probably hydrolyzed into fragments that are the same as most parts of Semax and DNSP-5. This would explain why the effects of SD resemble those of both Semax and DNSP-5.
Conclusions
We conducted a pilot study of the effects of the synthetic peptides Semax, DNSP-5, and SD in a 6-OHDA-induced rat model of PD. We showed that DNSP-5 and SD had po-tential neuroprotective properties. Because a very small proportion of the peptides reach the brain after intranasal administration, it is possible that larger doses may have more pronounced effects on DA metabolism, gene expression, and importantly, parkinsonism-like behavior.
Synthetic peptides are promising therapeutic agents, especially for treating neurodegenerative diseases. The results of our present study demonstrate that these peptides have great potential for PD treatment. However, further investigation is needed to evaluate DNSP-5 and SD as possible additions to current treatment for PD.
